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Results
184
Elevated phyB abundance suppresses hypocotyl growth in ceh1 185 Given the stunted hypocotyl phenotype of high MEcPP-accumulating mutant plant 186 (ceh1), we explored the nature of the photoreceptor involved by examining hypocotyl 187 length of seedlings grown in the dark and under various monochromatic light 188 conditions. The analyses showed comparable hypocotyl lengths of the dark-grown 189 ceh1 and the control seedlings (WT) (Fig. 1A) . However, under continuous red light 190 (Rc), ceh1 seedlings displayed notably shorter hypocotyls than those of WT plants 191 (Fig. 1A) . This data led us to question the role of phyB, the prominent red light 192 photoreceptor, in regulating ceh1 hypocotyl growth. To answer this question, we 193 generated a ceh1/phyB-9 double mutant line, and subsequently compared their 194 hypocotyl length with those of WT, ceh1 and phyB-9 seedlings grown under 195 continuous dark and Rc conditions ( Fig. 1A & B) . The data clearly demonstrate 196 phyB-dependent suppression of hypocotyl growth in ceh1 under Rc, as evidenced by 197 the recovery of ceh1 retarded hypocotyl growth in the ceh1/phyB-9 to comparable 198 lengths as those of phyB-9 seedlings. 199 Hypocotyl growth of the aforementioned four genotypes was also examined under 200 continuous blue (Bc) and far red (FRc) light conditions. The reduced hypocotyl 201 growth of ceh1 mutant grown under Bc, albeit not as strongly as those grown under 202 Rc, further implicate blue light receptor, cytochrome, (Yu et al., 2010) in regulating 203 growth of these seedlings ( Fig. S1A & B) . Additionally, ceh1 and ceh1/phyB-9 204 seedlings grown under Bc exhibited equally shortened hypocotyls, and under FRc 205 light the growth was almost similarly retarded in all genotypes ( Fig. S1A & B) . 206 Collectively, these results support involvement of cryptochrome as well and phyB in 207 ceh1 hypocotyl growth, albeit at different degrees. However, the more drastic effect of 208 phyB in regulating hypocotyl growth of Rc grown high MEcPP accumulating 209 seedlings in conjunction with the supporting evidence from the earlier data using 210 white light grown ceh1 seedlings (Jiang et al., 2019) , led us to primarily focus on the 211 role of phyB. 212 Next, we measured MEcPP levels in the four genotypes grown in the dark and various 213 9 monochromatic wave lengths to examine a potential correlation between growth 214 10 phenotypes and altered levels of the retrograde signaling metabolite (Fig. 1C & S1C) . 215 The analyses showed almost undetectable MEcPP levels in all the dark grown 216 genotypes, and low levels of the metabolite in the Rc-grown WT and phyB-9 217 seedlings. In contrast, ceh1 seedlings grown in Rc accumulated high MEcPP levels, a 218 phenotype that was partially (~10-fold) suppressed in ceh1/phyB-9 seedlings. This 219 reduction was not unexpected since phyB controlled PIF regulates the expression of 220 DXS, the first MEP-pathway gene encoding the flux determinant enzyme 221 (Chenge-Espinosa et al., 2018) . It is noteworthy that despite this significant reduction, 222 the MEcPP content of ceh1/phyB-9 seedlings remained ~100-fold above those of WT 223 or phyB-9 plants grown simultaneously and under the same conditions. This reduction 224 of MEcPP in ceh1/phyB-9 also occurred in seedlings grown in Bc ( 
232
Next, we questioned whether phyB transcript and/or protein levels are altered in ceh1 233 mutants grown in Rc. While expression data analyses display similar PHYB transcript 234 levels in ceh1 and the WT seedlings ( Fig. S1D ), immunoblot analyses show notable 235 increase in phyB protein abundance in the ceh1 mutant compared to the WT seedlings 236 ( Fig. S1E & S1F ), verifying the earlier report using white light grown seedlings 237 (Jiang et al., 2019) .
238
To examine the correlation between accumulation of MEcPP and alteration of growth 239 and phyB protein abundance in response to red light treatment, we further examined 240 the hypocotyl length of wild type (Col-0 ecotype), P (Col-0 transformed with 241 HPL:LUC construct), ceh1 and complemented ceh1 (CP) seedlings ( Fig. 2A-C ). This 242 data clearly show recovery of ceh1 stunted hypocotyl in CP at comparable length to 243 those of Col-0 and P seedlings ( Fig. 2A-B ). In addition, immunoblot analyses show 244 11 similar phyB levels in Col-0, P and CP compared to the increased abundance in ceh1 245 ( Fig. 2C ). Lastly, similarity of hypocotyl length and phyB abundance phenotypes 246 between P and Col-0 seedlings clearly support suitability and wild type functionality 247 of P genotype for additional analyses.
248
To further examine the potential role of MEcPP in ceh1 mutant in reducing growth 249 and altering phyB levels, we employed a pharmacological approach using 250 fosmidomycin (FSM), a MEP-pathway inhibitor ( Fig. 2D-F ). This inhibitor interferes 251 with and highly reduces the flux through the pathway and abolishes MEcPP-mediated 252 actions such as formation of otherwise stress-induced subcellular structures known as 253 ER bodies or enhancing the reduced auxin levels in ceh1 mutant plants 254 (Gonzalez-Cabanelas et al., 2015; Wang et al., 2017b; Jiang et al., 2018) . We 255 examined hypocotyl growth of red-light grown 7-day-old seedlings that were treated 256 with FSM for 3 days. This data shows enhanced hypocotyl growth of FSM treated 257 ceh1 compared to non-treated seedlings ( Fig. 2D-E ). It is of note that the length of 258 FSM treated ceh1 hypocotyls have not recovered to that of the WT seedlings, 259 suggesting inefficiency of FSM treatment and/or presence of other regulatory factors.
260
Regardless, the immunoblot shows reduced phyB abundance in FSM treated ceh1 261 compared to untreated seedling ( Fig. 2F ), supporting the notion of MEcPP-mediated 262 increase of phyB abundance.
263
In addition to MEcPP, the ceh1 mutants accumulate substantial amounts of the 264 defense hormone, salicylic acid (SA) (Xiao et al., 2012; Bjornson et al., 2017) . The slightly but significantly shorter than that of the ceh1 (Fig. 3A ). Furthermore, equally 
Reduced expression of auxin biosynthesis and response genes in ceh1 293
To identify the downstream components of the MEcPP-mediated phyB signaling 294 cascade, we performed RNAseq profiling of WT and ceh1 seedlings grown in the 295 dark and in Rc (15 μE m -2 sec -1 ). A multi-dimensional scaling (MDS) plot revealed 296 significant overlap between expression profiles of WT and ceh1 seedlings grown in 297 the dark, in contrast to their distinct expression profiles when grown in Rc (Fig. S3 ).
298
GO-term analyses identified over-representations of auxin biosynthesis and response 299 genes amongst the significantly (≥2-fold) altered transcripts ( Fig S4) . Confirmation of 300 the data using qPCR identified auxin biosynthesis (YUC3 and 8) and response genes 301 (IAA6 and 19) as the most significantly differentially expressed genes under Rc 302 condition ( Fig. 4A-B ). We further quantified the IAA content in plants and found 303 similar auxin levels in dark-grown genotypes in contrast to significantly reduced 304 levels (50%) in Rc-grown ceh1 versus WT plants ( Fig. 4C ). We validated this finding 305 by testing Rc grown WT and ceh1 lines expressing the auxin signaling reporter 306 DR5-GFP (Jiang et al., 2018) . The reduced GFP signal in ceh1 was on par with lower 307 IAA levels in the mutant compared to the WT seedling ( Fig. 4D ).
308
Next, we examined possible modulation of other phytohormones such as abscisic acid 309 (ABA) and jasmonic acid (JA) in response to high MEcPP levels in ceh1 seedlings 310 (Fig. S5 ). Similar ABA and JA levels found in WT and ceh1 plants grown in the dark 311 and in Rc, strongly support the specificity of MEcPP-mediated regulation of auxin.
312
Enhanced tolerance of ceh1 to auxin and auxinole 313 hypocotyl in ceh1 seedlings treated with IAA at growth inhibiting concentrations (10 316 and 100 μM) in WT seedlings ( Fig. 5A-B ). Interestingly, ceh1 and WT hypocotyls 317 displayed similar lengths when treated with the highest IAA concentration used here 318 (100 μM), albeit through two opposing responses, namely growth suppression in WT 319 and induction in ceh1. 320 This finding led to the hypothesis that the enhanced tolerance of ceh1 to auxin 321 treatment is not solely the result of reduced auxin levels in the mutant, but also a 322 consequence of modified auxin signaling in the mutant. To address this possibility, we show similar PIN1 transcript levels in ceh1 and the WT seedlings ( Fig. 6A ). In 339 contrast, the combined approaches of immunoblot and immunolocalization analyses 340 confirmed a significant reduction in PIN1 protein levels in ceh1 compared to WT 341 seedlings ( Fig. 6B-C) . Specifically, immunolocalization clearly showed reduced PIN1 342 protein abundance in plasma membranes of xylem parenchyma cells (along tracheids), 343 most notably in meristems of ceh1 compared to WT seedling, albeit with an 344 unchanged polarity (Fig. 6C) . These data support the earlier finding establishing the (Table S1 , and Fig. S4 ). The data 362 shows that compared to WT seedlings there is a prominent reduction in the transcript 363 levels of ACS4 in the dark (≥2-fold) and the Rc (~60-fold) grown ceh1 seedlings, as 364 well as a notable (3-to 10-fold depending on the gene) reduced expression of ACS5, 6, 365 8 albeit solely in Rc-grown ceh1 (Fig. 7A ).
366
Measurements of ethylene in these seedlings confirmed reduced levels (~80%) of the 367 hormone in Rc-grown ceh1 compared to WT seedlings (Fig. 7B ). This led us to 368 examine hypocotyl growth of seedlings grown in the presence of varying 369 concentrations of ethylene precursor, ACC (Fig. 7C-D) . The data show suppression of The partial recovery of ceh1 hypocotyl growth by external application of auxin and 377 21 ethylene, albeit to varying degrees, prompted us to genetically explore their potential 378 interdependency and hierarchy of their respective growth regulatory actions in Rc 379 grown seedlings. To address this, we applied ACC and IAA independently to single 380 and double mutant lines of ceh1 introgressed into auxin receptor mutant tir1-1 381 (ceh1/tir1-1), and into single and double ethylene signaling mutants ein3 and eil1 382 (ceh1/ein3, ceh1/eil1 and ceh1/ein3 eil1). 383 Analyses of hypocotyl lengths of Rc-grown WT, ceh1, ceh1/tir1-1 and tir1-1 384 seedlings in the absence and presence of ACC demonstrate TIR1-dependent growth 385 promoting action of ACC in tir1-1 and ceh1/tir1-1 (Fig. 8A-B ). We furthered these 386 studies by applying ACC alone or together with NPA ( Fig. 8C-D) . Consistent with the 387 earlier data, ACC treatment promoted ceh1 hypocotyl growth, but less effectively 388 when combined with auxin polar transport inhibitor, NPA ( Fig. 8C-D) .
389
In parallel, we examined hypocotyl growth of Rc-grown WT, ceh1, ein3, ceh1/ein3, 390 eil1, ceh1/eil1, ein3eil1 and ceh1/ein3eil1 seedlings in the presence and absence of 391 externally applied IAA (Fig. 8E-F The role of phyB in regulating growth is reported to be through repressing auxin 420 response genes (Devlin et al., 2003; Halliday et al., 2009) The EdgeR Bioconductor package implemented in R was used to generate the 503 pseudo-normalized counts for visualization and to carry out differential gene 504 expression analysis (Robinson et al., 2010) . Genes were kept for further analysis if 505 read counts were greater than 1 count per million (cpm) in at least 3 of the 12 libraries.
506
The EdgeR Generalized linear models (GLM) framework with explanatory variables 507 of genotype and treatment allowed us to specify a design matrix estimating the effect 508 of run number (batch) as a nuisance parameter. After fitting the model for our 509 experiment, we defined contrasts between parent lines (WT) and mutant (ceh1) in red 510 light and tested for significant expression differences using a likelihood ratio test 511 28 ('glmLRT'). P-values for the remaining genes were adjusted using 512 Benjamini-Hochberg method for false discovery correction. Genes with an 513 FDR-adjusted P-value less than or equal to 0.01 were identified as differentially 514 expressed. RNA was reverse transcribed into cDNA using SuperScript III (Invitrogen).
551
At4g26410 was used to normalize target gene expressions. Gene-specific primers 552 were designed using QuantPrime q-PCR primer design tool 553 (http://www.quantprime.de/) and are listed (Supplemental Table 2 ). Each experiment 554 was performed with three biological replicates and three technical replicates.
555
Protein extraction and immunoblot analyses 556 For protein extraction 7-day-old seedlings were collected, ground with liquid nitrogen, 557 homogenized in extraction buffer (10 mM Hepes, pH 7.6, 1 M Sucrose, 5 mM KCl, 5 558 mM MgCl 2 , 5 mM EDTA, 14 mM 2-ME, 0.4% Triton X-100, 0.4 mM PMSF, 20 μM 559 MG132, 20 μM MG115, and Proteinase Inhibitor), centrifuged at 10,000 rpm for 10 560 min at 4 °C, supernatants were transferred to new tubes as total proteins. Then the 561 proteins were separated on 7.5 % SDS-PAGE gel, transferred to PVDF membranes.
562
Blots were probed with B1+B7 (1:500) primary antibodies obtained from Peter Quail 563 lab. The secondary was anti-mouse horseradish peroxidase (HRP) (KPL, catalog no. 564 074-1806) (1:10000). Immunoblots for PIN1 protein were performed as previously with X-ray, and subsequently scanned with Epson Perfection V600 Photo Scanner.
571
Statistical analyses 572
All experiments were performed with at least three biological replicates. Data are 573 mean ± standard deviation (SD). The Statistical test was performed using library 574 agricolae, Tukey's HSD test method in R with a significance of P < 0.05 (Bunn, 2008) . 575 We have specified the method we used for statistical test in all figure legends.
576
